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Abstract-With the aid of a new method of habit plane determination, which has been described 
earlier [ 1.21, it is possible to determine the orientation relationship in specimens of a commercial 
35NiCr18 steel within a deviation of 1”. despite the fact that the orientations of the bainite plates are 
measured by means of electron diffraction. This new method is based on the orientation determination 
of the austenite prior to the bainite transformation at 365°C using annealing twin traces on a surface of 
the crystal. The observed habit planes relative to the f.c.c. and b.c.c structure are irrational but the mean 
values are close to {569), and {2 7 lo}, respectively, while the orientation relationship is of the type 
Kurdjumov-Sachs. The I.P.S. theory can not account for the observed habit planes and orientation 
relationships because the choice of the shear elements of the lattice invariant strain is not unrestricted, 
and twinned bainite has never been observed in the present investigation as required by the double shear 
theory. 
RCsum&-GrPce & une nouvelle mCthode de d&termination du plan d’accolement d&rite antkrieure- 
ment [l, 21. on peut dtterminer la relation d’orientation B moins de un degrt prbs dans un acier 
commercial 35NiCr18, bien que lea orientations des plaquettes de bainite soient dttertninies par diffrac- 
tion tlectronique. Cette mbhode repose sur la daermination de l’orientation de l’austinite avant la 
transformation bainitique a 36X, it l’aide des traces des macles de revenu sur la surface du cristal. Les 
plans d’accolement,observis ont des indices irrationnels par rapport aux structures c.f.c. et c.c., mais ils 
sont respectivement proches de {569}y et {2 7 10) a; les relations d’orientation sont du type de Kurdju- 
mov et Sachs. La thtorie de l’1.P.S. ne permet pas de rendre compte des plans d’accolement et des 
relations d’orientation observ&es, car il y a des restrictions dans le choix des ClCments de cisaillement de 
la dkformation & r&u invariant; d’autre part, on n’a jamais observt au tours de cette Ctude, de bainite 
maclQ. dont la pr&sence st n&essaire dans la thtorie du double cisaillement. 
Zusammenfassung-Eine neuartige. friiher beschriebene Mtihode zur Bestimmung von Habitebenen 
ermijglicht [ 1.21. die Orientierungsbeziehungen in Proben eines kommerziellen Stahks 35NiCr 18 auf 1’ 
genau zu bestimmen, such wenn die Orientierungen der Bainitplatten mit Ekktronenbeugung ausgemes- 
sen werden. Diese neue Methode bcruht darauf, dab die Orientierung des Austenits vor der Umwand- 
lung zu Bainit bei 365°C anhand der Spuren der Ausheilzwillinge an der Kristalloberfltiche bestimmt 
wird. Die beobachteten Habitebenen sind hochindiziert relativ zur kfz und krz. Struktur. die mittleren 
Orientierungen liegen bei {5 6 9) y und {2 7 10) a; die Orientierungabezichung ist vorn Typ Kurdjumov- 
Sachs. Die IPS-Theorie kann die beobachteten Habitebcnen und Orientierunasbeziehunnen nicht erkP- 
ten, da die Auswahl der Scherelemcnte der gitterinvarianten Seherung nicht uneingesc.h;iiakt ist.Verz- 
willinper Bainit, wie von dn Doppelscherungstheorie gefordert, wurde so such wiihrend dieser Unter- 
suchung nicht beobachtet. 
1. INTRODUCTION 
This paper describes the determination of the orienta- 
tion relationship in bainitic steels, and is based on 
earlier work of Hoekstra et al. [l, 23. These workers 
presented a new and accurate method for the experi- 
mental determination of habit planes in specimens of 
a commercial 35NiCr18 steel. This new method was 
based on the orientation determination of the austen- 
ite prior to the bainite transformation using non- 
parallel { 111 j twin intersections on a single surface of 
the crystal. 
With the aid of these experimentally obtained 
results it is possible to check the invariant plane 
strain @P.S.) theory as described by WechsIer et 
al. [3] and Bowles and MacKenzie [4,5-J. As known 
both theories are fundamentally equivalent and have 
been successful in accounting for the crystallography 
of many (martensitic) transformations. However, the 
full crystallography of some transformations cannot 
be explained by these theories because of the large 
dilatations of the order of 2% which must be invoked 
to account for the observed habit planes [6]. One 
such anomalous case is the bainitic transformation in 
steel, as has been pointed out by Bowles and Ken- 
non [73. These workers demonstrated the failure of 
the theory to account for the observed habit planes 
and emphasized the need for an experimental and ac- 
curate determination of bainite habit planes and 
orientation relationships to be able to check the I.P.S. 
theory. 
For that purpose the orientation of both the aus- 
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tenite and the bainite has to be determined. However, 
the transformation f the 35NiCrfS steel used in this 
inv~ti~tion is complete on cooling to room tem- 
perature. That is, no au&mite is retained in the struo 
ture. Therefore, Hoebtra et at. [f, ZJ determined the 
orientation of the austenite prior to the bainite trans- 
formation at an isothermal transformation tempera- 
ture of 365°C (about 70°C above the M,-temperature) 
using non-parallel { 111) twin intersections ona single 
surface of the crystal. Such an isothermal transforma- 
tion has to be carried out in an evacuated chamber 
to prevent oxidation and has to be recorded on f&n 
to be able to study the kinetics and the development 
of the individual bainite regions during their growth. 
It is clear that the hot stage microscope is an es- 
pecially valuable instrument for work of this type 
since it allows one to observe continuously the trans- 
formation under study. A detailed escription of the 
heating and quenching procedure of these transforma- 
tions and the experimental l y-out of the hot stage 
equipment isgiven by Hoekstra nd Bruis [8J. 
2 EXPERIMENTAL PROCEDURE 
The experiments were carried out with the commer- 
cial steel 35NiCr18 according to D.I.N. standards 
(equivalent to British standard En3OB) with the fol- 
lowing caution: a34 wt.% C, 0.25 wt.% Si, 0.60 
wt.% Mn, 0.03 wt.% P, 0.06 wt.% S, 4.50 wt.% Ni and 
1.30 wt.% Cr. From this steel a number of rectangu- 
lar-shaped specimens were cut out mechanically to 
the dimensions 5 x 8 x 0.3 mm, and were abraded on 
220-400 grade Sic-paper. Alter spotwelding of the 
specimen onto two ha& of a tantalum bridge, it was 
further abraded on 600 grade Sic-paper followed by 
an electrolytical polishing for 20 s in a solution of A-2 
(Struers). 
The heat treatment of the specimens in a modified 
Leitz hot stage microscope at a pressure of 5.1O-5 Pa, 
has been fully described by Hoekstra et al. [23 and 
will not be further outlined here. 
Foils for transmission electron microscopy on a 
Philips EM 300 are prepared by mechanical thinning 
from 250 m to 70 w and ion-beam thinning of the 
fully transformed specimens, to determine the orienta- 
tion of the same bainite plates a observed in the hot 
stage microscope. 
3. DETERMINATION OF THE 
ORIENTATION RELATIONSHIP 
The determination of the orientation relationship is 
based on the in situ orientation &t~~tion of the 
austenite [l J and the in situ habit plane dete~ination 
of the bainite inside the same grain [23. The method 
of determining the orientation of the austenite is indi- 
cated in Fig 1, showing an optical mierograph of an 
austenitic grain containing two parts A and B in twin 
relationship to each other. This micrograph is taken 
at the isothermal transformation temperature of 
365°C before the t~~o~ation from austenite to 
bainite takes place. In Fig 1, trace diion I is the 
intersection of the surfaa of the specimen and the 
common twinning plane between part A and part B. 
Part A contains the { 111) twin intersections I, II, III, 
IV and V of which I and V are parallel to each other. 
With the aid of the mutual angles between the twin 
intersections I, II, III and IV the orientation of part A 
N = -0.5292 -0.1066 
D = 0.5514 -0.7972 
Fig, 1. Optical micrograph of an austenitic grain containing two parts A and B in twin relationship to 
each other. This micrograph is taken at the isothermal transformation temperature of 365°C before the 
transformation from metastable austenite to bainite takes place. The indicated orientation of part B is a 
computer result calculated with the aid of the method described by Hoekstra er al. [I]. 
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Fig 2. Optical micrograph of the same grain in Fig. f taken 451 s after tbe isothermal transformation 
temperature of 365°C was reached. 
can be ~l~~t~ This ~al~~~on method is de- 
scribed in detail by Hoekstra et a!. [l)# The orienta- 
tion ofpart B can now be calculated by mathematical 
twinning of the orientation of part A. The indicated 
direction D in Fig. 1 is the direction of the common 
twin inters&on I which is perpendicular to the cal- 
culated plane normal N of part 8. 
The optical micrograph of F%g, 2 is taken 451 s after 
the isdhcrmal. tr~~~~atiun temperature of 365°C 
was reached and shows the same grain as indicated in 
Fig, 1, The bainite habit plane pole of part B can now 
be determined by means of the indicated three non- 
parallel trace directions of bainite intersections 1, 2, 
and 3, because the midribs of these intersections are 
straight lines and well defmed, Inside one grain the 
pole of the habit plane is the same for all bainite 
@a&s apart from the permutatiuns. This p&e lies on 
a iine which is perpendiu&r to the midrib of each 
bainite intersection. The lines ia question, I’, Y and 3’, 
are indicated in the st~a~h~~ projection piot of 
Fig. 3 with the calculated plane normal of part B in 
the centre of the plot (indicated by N) and the c&u- 
LlNE NUMBER ANME tDEOl?EES) 
27.9 
78.5 
83.0 
-0.4313 0.7688 
-0.4313 -0.4721 
O.L721 0.7686 
= -0.6292 -0.fD66 
-0.7972 
0.8418 I Orientation of 
0.2158 part 83 in Fig.t 
Fig. 3, Stereographic projection plot of’ the calculated orientation of part B indicated in Fig. L. The lines 
1’. 2’ and 3’ are perpendicular to the corresponding bainite intersections 1, 2 and 3 indicated in Fig. 2. 
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Fig. 4. Optical micrograph of the fully transformed specimen containing the grain indicated in Fig. 1 
and Fig. 2. 
lated direction of the common twin intersection I 
along the axis AB (indicated by 0). The (Ml) poles of 
the habit planes belonging to the bainite intersections 
1,2 and 3 are indicated by P, Q and R respectively, 
and are ~~utations of each other relative to the fee 
structure. The positions of P, Q and R are determined 
with the aid of a new method of habit plane determin- 
ation, which has been described in detail by Hoekstra 
rc al. 121. 
The grain in Fig 1 and Fig. 2 is shown again in Fig 4 
after the isothermal Horatio temperature of 
365°C from me&stable austenite to bainite was low- 
ered to room temperature. At that moment (540s 
after the isothermal transformation temperature was 
reached) about 30% of the parent phase was trans- 
formed into bainite. This means that the remaining 
part of the parent phase has been tr~sfo~~ into 
martensite on cooling to room temperature. 
After a mechanical reduction in thickness from 
250~ to 70~ and ion-beam thinning of the fully 
transformed specimen, shown in Fig. 4, it is possible 
to determine the orientation of the satne bainite plates 
1, 2 and 3 indicated in Fig. 2 by means of electron 
diffraction, as shown in Fig. 5a (bainite plate l), Fig. 5b 
(bainite piate 2), and Fig. 5c (bainite plate 3). With the 
aid of bright field images the direction of each bainite 
intersection can be determined for a correct transfer 
of the stereographic projection plots of the diffraction 
patterns to the plot of the austenite orientation in Fig. 3, 
defining the orientation re~tion~ip, as indicated in 
Fig. 5. As can be seen, the orientation relationship for 
each bainite plate with the austenitic matrix is 
approximately of the type Kurdjumov-Sachs: 
flllt, II CllO), <flO), II <ill>, 
and <ll&tl <112), 
Now two conditions must be satisfied simul- 
taneously. In the first place the poles of the bainite 
habit planes P, Q and R must also be permutations of 
each other relative to the bee structure, and in the 
second place the orientation relationship of each bai- 
nite plate with the austenitic matrlx in which it origi- 
nated must be the same. These two conditions can be 
satisfied simultaneously by rotating the calculated 
orientation of the austenitic grain into an exact 
Kurdjumov-Sachs orientation relationship with the 
orien~tions of the bainite plates 1, 2 and 3 (Fig. S), 
because, as a result of these rotations, the new pos- 
itions of P, Q and R, i.e. P, Q’ and R’, are permuta- 
tions of each other relative to the b.c.c. structure 
within 1”. In this way it is possible to satisfy both 
conditions simultaneously within a deviation of 1”. &I 
Fig. 5, P;, Q: and R; are exact ~rmutations of each 
other. This means that the orientation relationship for 
each bainite plate with the austenitic matrix is a 
Kurdjumov-Sachs orientation relationship within a 
deviation of 1”. 
4 Ri?SULlS AND DISCUSSION 
The new method of habit plane pole determination 
has been employed on 23 specimens of which the 
results are shown in the upper half of Fig. 6. As can 
be seen, the mean habit plane pole relative to the f.c.c. 
structure (MHPf?,) is irrational but close to {569),. 
The accuracy of the habit plane pole determination is 
estimated to be better than +O.S”. Apart from this 
accuracy, the new method is more reliable than a two- 
surface analysis, as discussed by Hoekstra et al. [Z]. 
From 9 of the 23 specimens, the orientation rela- 
tionship has been determined (in a way as described 
in Section 3) of the same bainite plates which are also 
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used for the habit plane pole determination relative to 
the f.c.c. structure. In ail cases a Kurdjumov-Sachs 
orientation relationship was found within a deviation 
of 1”. The 9 habit plane poles relative to the b.c.c. 
structure and resulting from the o~entation relation- 
ship determination are shown in the lower half of Fig. 6. 
For example the black dot indicated by an arrow 
represents the fhkl), pole of the tuitions at, Q* 
and R; in Fig. 5. The mean habit plane pole relative 
to the b.c:c. structure (MHPP,) is irrational too but 
close to (2 7 IO).. 
The decision to measure the orientation of the bai- 
nite plates by means of electron diffraction is a result 
of the fact that the use of more precise X-ray tech- 
niques (such as that of Laue, Kossel and Kikuchi) did 
not succeed at all. This is probably due to residual 
stresses in the fully transformed specimens. But des- 
pite the fact that the accuracy of the electron micro- 
scopy orientation determinations is not better than 
about 5”, and in the case of cube oriented diffraction 
patterns even less [9}, it is possible to determine the 
Kurdjumov-Sachs orientation relationship within a 
deviation of 1” because of the two conditions men- 
tioned in Section 3. 
The measured angle of rotation between the calcu- 
lated orientation of an austenitic grain and the orien- 
tations of the bainite plates inside such a grain for the 
creation of an exact Kurdjumov-Sachs orientation 
relationship, as employed in Fig. 5, varies from 0” to 
at most 8”. This deviation may be caused by three 
different ypes of inaccuracy. Firstly the inaccuracy of 
the diffraction pattern itself. Secondly the internal 
stresses influence the orientation of the bainite plates 
during the transformation [2]. This means that devi- 
ations from the presumed Kurdjumov-Sachs orien- 
tation re~tionship in the very beginning of the trans- 
formation process will occur at later stages of trans- 
formation. The third type of inaccuracy is due to the 
residual stresses in the specimen in combination with 
the ion-beam thinning process because it has been 
observed that some parts of the foil edge become less 
plane with each further stage of ion-beam thinning. 
This means that during this process the residual 
stresses may cause a light curvature in some parts of 
the foil edge. Therefore, the necessary rotations as 
employed in Fig. 5 are justified because they are in 
the order of magnitude of the over-all measuring 
fault. 
The basic hypothesis of the invariant plane strain 
(I.P.S.) theory is that the interface (habit plane) 
between the two phases should remain, at Ieast ap 
proximately, invariant. This implies that in addition 
to the homogeneous lattice strain which converts the 
parent lattice into the product lattice, an inhomo- 
geneous lattice strain must also occur. This additional 
strain should be a simple shear on a plane p in a 
direction d. In both theories of Wechsler et al. [3) and 
Bowles and MacKenzie [4, S] the usual assumption 
has been made that the lements p and d correspond 
to well recognized modes of slip or twinning in the 
parent or product lattices and are specified by 
p = (lOl), and d = (IO&. 
If based on these assumptions the experimental 
results described in this paper are now compared with 
those predicted by the I.P.S. theory, a large discrep 
ancy exists as shown in Fig. 7. In this figure the 
habit plane relative to the f.c.c, structure is plotted as 
a function of A = &z,&) for the f.cc. to b.c.c. trans- 
formation (axial ratio of c/a = 1.00) and for the f.c.c. 
to b.c.t. transformation (axial ratio of c/a = 1.08), 
where o, is the cell edge of the cubic austenite, c and a 
are the parameters of the tetragonal martensite or 
bainite and 6 defines the magnitude of any dilatation 
that occurs within the habit piane. The variation of 
the habit plane along lines of constant volume ratio 
1.03 and 1.05, assuming 6 = 1, are also plotted. Thus, 
in the absence of dilatation, the theoretical prediction 
is that all habit planes should fall within the area 
KLMN. This means that the predicted habit plane is 
obviously rather insensitive to the composition of the 
alloy, that is to the lattice spacings of the two phases 
because they do not much effect he predictions of the 
crystallographic theories. 
Now there are two main problems: firstly many 
habit planes are outside the small area KLMN, and 
secondly, individual dete~inations of the habit plane 
for any alloy often show a wide scatter [lo]. Concern- 
ing the first problem there are two proposals to con- 
sider. One of these is the assumption of Bowics and 
MacKenzie [4,5] that habit planes outside the region 
KLMN may be explained by the use of a dilatation 
parameter S. However, in many cases the dilatation 
required is rather large and the physical significance 
of such a parameter is, therefore, in some doubt. The 
other proposal is the possibility that the lattice in- 
variant strain does not utilize the above mentioned 
shear elements p and d. Thus the alternative assump- 
tion is to vary the elements of the lattice invariant 
strain. It has generally been assumed that these must 
correspond to known slip or twinning elements in one 
or both lattices, and that consequently both the direc- 
tion and the invariant plane of shear should be ratio- 
nal. However, Cracker and Bilby [l i] discarded these 
assumptions and investigated the effects of keeping 
only one of these elements rational, the other being 
allowed to vary continuously. In this way over 3000 
habit planes were calculated with the lattice par- 
ameter values appropriate to the iron-nickel-carbon 
alloy of Greninger and Troiano [ 121, after tist con- 
firming that for all shear modes the habit plane is not 
very sensitive to the range of parameters possible. 
Despite these calculations it is impossible to account 
for all the observed habit planes. This also holds for 
the habit planes shown in Fig. 6, and is due to the fact 
that for math~at~~l reasons the choice of the shear 
eIements p and d is not unrestricted as has been 
pointed out by Cracker and Bilby [ 131. A confirma- 
tion of this is given by the fact that using the crystal- 
lographic calculations in reverse [14], no solution 
exists in our case. (In this approach the shear ele- 
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MHPP=MEAN HABIT PLANE POLE 
hWPpJ:O.4299 04935 07561 
MHP& 1 0 1652 0 5706 06043 
Fig 6. Results of all measured habit plane poles relative to the Lx. and b.c.c. structure. 
ments p and d of the lattice invariant strain are 
deduced from the observed habit plane and orienta- 
tion relationship). Therefore. the conclusion of tieber- 
man [ 151 is incorrect that ail measured habit pianes 
can be explained by suitably varying both the shear 
elements p and d of the lattice invariant strain. 
Besides, it would be of great dificulty to relate such a 
conclusion to a physical model. 
The second main problem mentioned above that 
individual determinations of the habit plane for any 
alloy often show a wide scatter, cannot be attributed 
to experimental errors alone. Afthough all habit plane 
poles have no deviation greater than about 4” with 
MHPP, and MHPP, respectively {Fig. 6), it is much 
more than the accuracy of measurement of 0.5”. Apart 
from the fact that the total spread must partly be 
attributed to changes in temperature during the trans- 
formation process and changes in chemical composi- 
tion with regard to each spakeq it is clear that this 
spread in habit plane poles indicates another discrep 
ancy between the experiments and the I.P.S. theory 
because or the fact that the orientation relationship is 
Fig. 7. Predicted habit planes for steels relative to the kc structure. 
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stable within 1”. Moreover, the theoretical prediction 
of the orientation relationship shows that the angles 
between the close-packed planes and the close-packed 
directions in the two lattices, assuming S = 1, are 0.6” 
and 3.7” respectively. Both of these angles are only 
less than 1” when a dilatation parameter of 6 = 1.02 
is used, but, as already mentioned, the physical signifi- 
cance of such a large dilatation parameter is in some 
doubt. This means that the I.P.S. theory can not 
account for the observed orientation relationship. 
(The lattice parameters at 365°C used in these calcula- 
tions were determined to be a0 = 3.601 A and 
a=cr 2.88 1 A according to Pearson [16]). 
The more recently developed double shear theory 
of Acton and Bevis [17] and Ross and Cracker [ 183 
suggests two lattice invariant strains in contradiction 
to the single lattice invariant strain theory described 
above. It is assumed that the product of the two lat- 
tice invariant strains is not restricted to be a simple 
shear, and is composed of a (ilZ),[lil]# slip or twin- 
ning shear preceding the basic (112),[iil], twinning 
shear. In our case, however, twinning of the bainite 
structure has never been observed by transmission 
electron microscopy, and therefore, it must be con- 
cluded that for those habit planes in iron alloys away 
from {3 10 15}, there is as yet no satisfactory crystal- 
lography theory. However, other factors may be im- 
porant in influencing the crystallography, particularly 
the constraints of the surrounding matrix arising from 
the shape deformation and the coherency stresses 
which oppose the development of the bainite plates. 
This means that the invariant plane strain theory is 
strictly appli&ble only to an unconstrained transform- 
ation with one habit plane traversing an infinitely 
large single crystal. 
oppose the development of the bainite plates inside 
the grain. Otherwise, the total spread must partly be 
attributed to changes in temperature during the trans- 
formation and changes in chemical composition, that 
is changes in lattice spacings of the commercial steel 
with regard to each specimen. Apart from the accu- 
racy of f0.5”, the new method of habit plane pole 
determination is an in situ determination and is there- 
fore more reliable than a two-surface analysis, as dis- 
cussed by Hoekstra et al. [2]. 
The observed orientation relationship is of the type 
Kurdjumov-Sachs. Despite the fact that the orienta- 
tions of the bainite plates have been determined by 
means of electron diffraction, the accuracy of the 
orientation relationship determination is estimated to 
be better than fl” because of two conditions which 
have to be satisfied simultaneously. These conditions 
can be made because the entire experimental pro- 
cedure has been employed on one grain in each case. 
This means that the determination of the austenite 
orientation, the habit plane, and the orientation rela- 
tionship are strongly interrelated with each other. 
The habit planes and orientation relationship pre- 
dicted by the I.P.S. theory do not correspond with 
those obtained experimentally, and this is due to the 
limited choice of the shear elements of the lattice 
invariant strain. This is confirmed by the fact that no 
solution exists in our case for the habit plane when 
the crystallographic calculations are carried out in 
reverse. Moreover, twinned bainite has never been 
observed as required by the double shear theory. 
Probably, the I.P.S. theory is strictly applicable only 
to an unconstrained transformation with one habit 
plane traversing an infinitely large single crystal. 
5. SUMMARY AND CONCLUSIONS 
The method of determining the orientation rela- 
tionship in specimens of a commercial 35NiCr18 steel, 
as described in this paper, can only be used in combi- 
nation with the new method of habit plane determina- 
tion developed by Hoekstra et al. [1,2]. This new 
method is based on the in situ orientation determina- 
tion of the austenite prior to the bainite transform- 
ation using annealing twin traces on a surface of the 
crystal. The determination of the austenite orientation 
prior to the.bainite transformation at 365°C is necess- 
ary because the transformation of the 35NiCr18 steel 
in a hot stage microscope is complete on cooling to 
room temperature, that is, no austenite is retained in 
the structure. 
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